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Abstract. In database theory, we seek a general computation model
for database transformations as an umbrella for queries and updates.
However, the literature shows that queries and updates have different
flavours, and the completeness standards for query languages cannot be
naturally extended to updates. This motivates the question whether we
can use ASMs to characterize database transformations over complex
value structures in a unified computation model. In this paper we start
examining the differences between database transformations and algo-
rithms that give rise to the notion of Abstract Database Transformation
Machine (ADTM), which captures computations involved in database
transformations over complex value structures, and encompasses not only
queries but also updates. We show that ADTMs can behaviourally sim-
ulate any database transformation over complex value structures.

1 Introduction

In the literature the notion of database transformation as a formalisation of cer-
tain binary relations on database instances encompassing queries and updates
first appeared in [3]. Since then a lot of research effort has been investigated
to characterisations of different classes of database transformations [1, 17, 20,
18]. In particular, database transformations should satisfy criteria such as well-
typedness, effective computability, genericity and functionality, etc. as discussed
in [1]. However, the results of these investigations were fruitful only in the ap-
plication of queries. Extending these results from queries to updates has led to
several problems as mentioned in [19]. Although database transformations are
defined to consider not only queries but also updates, there does not exist a
general characterisation for updates and queries as a whole in database theory.

Abstract State Machines (ASMs) have been accepted as a universal com-
putation model that formalizes the notion of “algorithm”. In particular, the
sequential Abstract State Machine (ASM) thesis [13] capturing sequential al-
gorithms sheds lights on the study towards a general computation model of
database transformations. The question we raise in this paper is, how we can
use ASMs to characterize database transformations over complex value struc-
tures. To answer this question, we first check what are significant differences
between database transformations and general algorithms. Although database
transformations provide a special kind of algorithms, further exploration reveals
that the differences lead to the necessity of separate considerations.



We start with checking database transformations against the postulates of
sequential algorithms defined in [13]. The sequential accessibility principle of the
bounded exploration postulate implicitly suggests that states associated with a
sequential algorithm are significantly determined by the algorithm itself in the
sense that as long as a sequential algorithm is provided, the bounded-exploration
witness which is the non-trivial part of these states can be easily figured out.
Every element of a state involved in a sequential algorithm is referred to by a
ground term. In contrast, the abstract nature of database transformations leads
to only structural properties captured by non-ground terms in considerations.
Obviously, there is a fundamental mismatch between database transformations
and sequential algorithms, which is exactly the same as the mismatch between
the hardness of database queries and their Turing complexity justified in [4].
Therefore, database transformations cannot be simply considered as a special
kind of sequential algorithms. Instead of the bounded exploration postulate,
which only considers how algorithms determine the bounds of computations,
we investigate how database transformation programs and states interactively
influence on the upper boundary of computational complexity in the exploration-
boundary postulate of database transformations.

How about database transformations and parallel algorithms? In [7] a com-
putation model of parallel algorithms was proposed, which indeed describes a
class of database transformations over relational structures. However, in the
context of complex value structures, database transformations do not always
satisfy the postulates of parallel algorithms presented in [6]. More specifically,
while relational structures can be captured by the first-order case, complex value
structures can be described by higher-order structures in a more natural sense.
Although it is feasible to encode higher-order structures with first-order struc-
tures, such an encoding may not only lead to undesirable complexity of compu-
tations, but also result in an ambiguous understanding of transformations. The
immediate consequence of taking into account higher-order structures at states
leads to the fact that atomicity of locations cannot be automatically guaranteed.
Therefore, the update postulate of parallel algorithms proposed on the basis of
first-order structures needs to be re-examined. The study result provides insight
into the separate-update postulate for database transformations over complex
value structures.

As mentioned before, in database theory any database transformations must
respect the genericity principle, which means that only structural properties
can be dealt with by database transformations. Consequently, indistinguishable
structures that have exactly the same properties may exist in states, and fur-
thermore they must be treated uniformly during database transformations. In
general, database transformations permit non-determinism, which provides an
approach to separate indistinguishable structures of states. Nevertheless, such
non-determinism should not be in control of database transformations, and also
not stick to any specified mechanism. The fair treatment for elements of a class
of indistinguishable structures leads to the equivalent structure postulate for



database transformations, which provides the restriction of expressive power for
database transformations.

To avoid ambiguity it should be necessary to emphasize the assumptions
imposed on database transformations in this paper. Firstly, we only consider
database transformations with finite runs, which are reflected by the finite se-
quence postulate. Secondly, database transformations are considered in the con-
text of complex value databases, which lead to the abstract state postulate being
modified to capture higher-order structures.

The remainder of the paper is organized as follows. In Section 2 we present the
postulates for database transformations. Then the notion of Abstract Database
Transformation Machine is developed in Section 3. Section 4 sketches the proof
for the main result obtained in this paper that each database transformation
can be simulated by an Abstract Database Transformation Machine. Finally, we
summarize this paper in Section 5.

2 Postulates of Database Transformations

In this section we stipulate several postulates that any database transformation
must cope with. Each postulate will be accompanied by justifications.

Definition 1. A database transformation is an object satisfying the finite se-
quence, abstract state, data abstraction, exploration boundary, separate update
and equivalent structure postulates.

Before presenting the postulates in detail, we briefly comment on the pur-
poses which the postulates serve. The finite sequence postulate states that only
database transformations with finite runs are of interest. The abstract state pos-
tulate claims that the underlying states have higher-order structures. The data
abstraction postulate specifies that database transformations can be executed
over complex value structures with flexible build-in type systems. The explo-
ration boundary and equivalent structure postulates aim at figuring out the
upper boundaries of complexity and expressive power during one-step transfor-
mations, respectively, while the separate update postulate clarifies how complex
value structures can be manipulated during one-step transformations.

2.1 Finite Sequence Postulate

The non-deterministic sequential time postulate defined for bounded-choice se-
quential algorithms in [14] can be directly adapted to be the finite sequence
postulate for database transformations with some minor changes. Initial and fi-
nal states are emphasized in the finite sequence postulate to reflect input and
output databases associated with database transformations.

Definition 2. (finite sequence postulate). A database transformation Π is
associated with a tuple (SΠ , τΠ), where



– SΠ is a non-empty set of states with a distinguished initial state s0 ∈ SΠ

and a subset FΠ of final states, and
– τΠ is a one-step transition relation over SΠ , i.e. τΠ ⊆ SΠ × SΠ.

Definition 3. A run of Π= (SΠ , τΠ) is a finite sequence of states

s0, s1, . . . , sn

where s0 is the initial state of Π and (si, si+1) ∈ τΠ (i ∈ [0, n− 1]). A run is
terminated at a final state, i.e. sn ∈ FΠ . The power of the relation τn

Π satisfying
(s0, sn) ∈ τn

Π is called the length of that run.

Definition 4. The run relation of Π= (SΠ , τΠ) is the set of all runs of Π, and
its arity is the maximum among lengths of the runs.

Definition 5. Let Π= (SΠ , τΠ) and Π
′

= (SΠ
′ , τΠ′ ) be two database transfor-

mations, then Π and Π ′ are behaviourally equivalent iff SΠ = SΠ
′ , s0 = s

′

0,

FΠ = FΠ
′ and τΠ = τΠ′ , where s0 ∈ SΠ , s

′

0 ∈ SΠ
′ are initial states of Π and

Π
′

, respectively, and FΠ ⊆ SΠ , FΠ
′ ⊆ SΠ

′ are sets of final states of Π and Π
′

,
respectively.

Note that the above definitions have been defined on database transforma-
tions instead of database transformation programs. The difference lies in the fact
that a database transformation program should be able to be executed over all
reasonable states with various structures, instead of a specific set of states. Here
reasonable states refer to any state, on which a database transformation program
makes sense. Nevertheless, database transformations are only concerned about
behavioural sequences of states.

The following fact is obvious according to the definition of behavioural equiv-
alence of two database transformations.

Fact 1 Two behaviourally equivalent database transformations must have the
same run relation.

2.2 Abstract State Postulate

To respect conventions adopted in database theory, we revised the abstract state
postulate of algorithms presented in [13], and developed the abstract state pos-
tulate for database transformations as follows.

Definition 6. (abstract state postulate). Let Π= (SΠ , τΠ) be a database
transformation, then

– all states in SΠ are higher-order structures, and closed under isomorphisms,
– each state s ∈ SΠ is associated with the same infinite base set A, and may

have different finite active domains Adom(s) ⊆ A,
– the signature of Π is fixed and finite, consisting of state signature VS and

background signature VK , and



– for any isomorphism h from state s1 onto state h(s1), if (s1, s2) ∈ τΠ , then
(h(s1), h(s2)) ∈ τΠ .

States of database transformations are considered to be higher-order struc-
tures, instead of first-order structures as in ASMs in general [13]. Although it
has been known that higher-order structures can be mapped to first-order struc-
tures, higher-order structures are more appropriate and natural than first-order
structures in the context of database transformations over complex value struc-
tures. In connection with this point, the most straightforward example is query
languages over tree-based structures. As discussed in [15], monadic second-order
logic is studied as being logic formalizations for query languages over tree-based
structures as an analogy of first-order logic for relational structures. Even for
database transformations over relational structures, views as computable queries
are also beyond first-order structures if we treat tables as first-order structures
in a natural sense.

In terms of a database transformation, there is an unchanged base set A
associated with its all states. More precisely, the base set A of a state s consists
of an infinite dispose domain Ddom(s), a finite active domain Adom(s) and
an infinite reserve domain Rdom(s), i.e. A = Ddom(s) ∪ Adom(s) ∪ Rdom(s).
Furthermore, these domains are pairwise disjoint. Although the base set A does
not change during a database transformation, some of elements can alter among
the domains in accordance with a unidirectional flow.

dispose⇐ active⇐ reserve

The purpose of specifying an infinite dispose domain as part of a base set is
to deal with elements that have the identification property, such as object identi-
fiers widely used in the object-oriented paradigm. The unidirectional alteration
among dispose, active and reserve domains is critical to preserve the desirable
properties of database transformations under composition. Further details re-
garding this can refer to [19].

In the classical database theory it is common to consider a database trans-
formation as a binary relation over database instances with possibly different
schemata. Should we specify alterable state signatures for database transforma-
tions to faithfully reflect possible changes on database schemata? By analyzing
the factors leading to such changes we believe that states of a database transfor-
mation being constituted by not only the underlying databases, but also infor-
mation from the associated database transformation programs would be more
reasonable than states simply being databases. Consequently, state signatures
are fixed during a database transformation due to the fact that any changes on
database schemata have to be explicitly introduced by database transformation
programs. Such a state signature VS consists of a finite, non-empty set Fun(VS)
of function names associated with fixed arities. In particular, there is a subset
Pre(VS) of function names, called predicate names. Moreover, any state signa-
ture must contain a set of logical function names, including logical constants
true and false, logical connectives such as ∨, ∧, etc. and a special symbol ⊥



as usual. There are several ways to categorize function names. According to the
tradition of ASMs, function names can be static and dynamic. Since database
transformations include updates, all predicate names are dynamic. In addition,
function name can be persistent and temporary. Temporary function names are
local names in the sense that all temporary function names will disappear when
a database transformation terminates. In other words, no temporary function
names can be shared by any two runs, which implicitly states no information
carried by temporary functions can be passed on to other runs. Obviously, per-
sistent predicate names are global names, and it is possible to share them within
multiple runs.

In terms of a database transformation, the background signature VK and
state signature VS are always disjoint. However, the union of them constitutes the
entire signature of a database transformation. The details about a background
signature VK will be discussed separately in the data abstraction postulate.

The last condition in the abstract state postulate is dealing with the gener-
icity principle of database transformations, which guarantees that the one-step
transition relation only handles structure properties instead of explaining atomic
value. Since a state can be enlarged by introducing new elements or shrink by
eliminating existing elements during a one-step transition, such an isomorphism
is defined over an inalterable base set.

2.3 Data Abstraction Postulate

The data abstraction postulate is developed on the basis of the background
postulate of [6] with a slightly modified concern. After examining various data
models in the literature [11, 10, 5, 16, 21] we observe that it is a common practice
to use structure data types, such as set, list, bag, record, union, etc. to reflect a
better understanding of complex value structures, no matter which other princi-
ples the data models adopt. The data abstraction postulate focuses on capturing
this observation by abstracting from any concrete data types.

Definition 7. (data abstraction postulate). For a database transformation
Π= (SΠ , τΠ), a background K for states of SΠ must satisfy the following:

– The background signature VK contains a finite (possibly empty) set TK of
type symbols that are unary function names, a finite (possibly empty) set
OK of constructor symbols.

– Type and constructor symbols are classified into a set G of groups.
– A background with TK = ∅ and OK = ∅ is called transparent.

In terms of a state s with the base set A and the background K, there
exists a set of background structures, denoted by K(A), obtained by applying
background K over A as follows:

Let G= {g1, ..., gn} be the set of groups associated with the background K
such that each group gi (i ∈ [1, n]) contains a set Ti of type symbols and a set
Oi of constructor symbols satisfying

⋃

1≤i≤n

Ti = TK and
⋃

1≤i≤n

Oi = OK , then



K(A)=
⋃

1≤i≤n

gi(A),

where gi(A) is constructed by applying the following rules:

– For any t ∈ Ti, t(a) ∈gi(A), where a ∈ A.
– For any o ∈ Oi and every natural number m, o(a1, ..., am) ∈gi(A), where
aj ∈ A (j ∈ [1,m]).

– For any t ∈ Ti, t(b) ∈gi(A), where b ∈ gi(A).
– For any o ∈ Oi and every natural number m, o(b1, ..., bm) ∈gi(A), where
bj ∈gi(A) (j ∈ [1,m]).

The classification of type and constructor symbols provides a capability for
building up stratified type systems. Within a group, its type and constructor
symbols can recursively build structure values over atomic values in a base set,
whereas type and constructor symbols in different groups are not allowed to
apply on each other. For example, given a state with a base set A containing
elements in {21, 12, “Joe”, “Bob”}, and a background K including a set of type
symbols TK = {SCORE,FNAME} and a set of constructor symbols OK =
{list, set}, if there exists two groups (SCORE, set) and (FNAME, list), then
list(FNAME(“Joe”), FNAME(“Bob”)) and SCORE(set(21, 12)) are valid back-
ground structures of K(A). However, SCORE(list(21, 12)) is not legal because
SCORE and list belong to different groups.

The structure Y of such a state is constituted by a base set, a set of back-
ground structures and the interpretation of function names in the state signa-
ture over the base set and background structures. More precisely, for a state
s of database transformations, let B= A ∪ K(A) represent its complex value
set containing all atomic values in the base set A and all structure values in
K(A), then any function with name f ∈ Fun(VS) and arity n is a mapping f :
Bn →B, while each predicate with name p ∈ Pre(VS) and arity n is a mapping
p : Bn → {true, false}. Two states s1 and s2 is said to be identical, denoted by
s1 = s2, iff their structures are identical. Apparently, the structure of a state with
a transparent background is reduced to be a base set A and the interpretation
of function names in the state signature over A.

Although the set B is infinite, there is only a finite subset B of B involved in
computations at each state. For convenience, we use the notation |B| to indicate
the cardinality of B.

In fact, the data abstraction postulate is a specialization of the background
postulate by applying the general principle behind the background postulate,
which is to introduce all the information relevant to the future progress of that
computation into a state [6], in the context of data modelling. Therefore, the data
abstraction postulate provides a general treatment to assemble and dissemble
data towards different abstractions of interest.

2.4 Exploration Boundary Postulate

Different from sequential algorithms, parallel computations are involved in database
transformations due to evaluations of non-ground terms on states. Although for



such an evaluation the number of the resulting parallel computations only de-
pends on the state, the number of evaluations occurred within a one-step trans-
formation is determined by the associated program. Therefore, our interest here
is to investigate the upper boundary of exploration with respect to one-step
transformations by taking into account both database transformation programs
and states.

This investigation proceeds in two steps. Firstly, the upper boundary of ex-
ploration over a state with a transparent background is discussed. Then, the
effects of a non-trivial background on the exploration of a state are identified.

For a database transformation, any program to generate a one-step transition
relation can contain only a finite set of distinct variables. Here we only consider
variables in a mathematical sense. Moreover, the number of distinct variables
in a program can be minimized by reusing variables as much as possible pro-
vided that the semantics of the program does not change. We call this minimal
number n of distinct variables boundary power. In addition, since the number of
parallel computations is only determined by the underlying state, which is as-
sumed to have a transparent background at this moment, the maximal number
of parallelism caused by each variable should be equivalent to the cardinality
of the active domain of the state, i.e. |Adom(s)|. We call this number boundary
base. Why we exclude dispose and reserve domains from the boundary base?
A database is constructive, new elements imported in a batch must depend on
existing elements in the active domain, otherwise, new elements have to be im-
ported one-by-one. The same reason serves for the dispose domain. Based on
the above discussions, it can be concluded that there exists an upper boundary
O(|Adom(s)|n) of exploration over a state with a transparent background during
a one-step transformation.

Now let us examine the upper boundary of exploration over a state with a
non-trivial background to see how a background influences on the exploration of
a database transformation. As said before, there always exists a finite subset B
of the complex value set B involved in a one-step transformation. The involved
elements can be either atomic values or structure values. Therefore, the bound-
ary base under a state with a non-trivial background should be |B|, instead of
|Adom(s)|, while the boundary power will remain the same due to the identity
of a program. This leads straightforwardly to the following postulate concerning
the upper boundary of exploration.

Definition 8. (exploration boundary postulate). Let Π= (SΠ , τΠ) be a
database transformation, then for any state s ∈ SΠ with a base set A and a
background K, there exists two finite numbers n and m such that

– the upper boundary of exploration for τΠ is O(nm),

where n depends on (A, K), and m depends on τΠ .

2.5 Separate Update Postulate

Before presenting the separate update postulate, we need to introduce a new
notion called location operator in advance. Indeed, location operators can be



treated as a special kind of aggregation functions defined in [12], and thus we
present the definition of location operator in a similar style. For clarity, we
use the notations {{}} for multiset and

⊎
for function multiset sum defined as

multiset×multiset→ multiset with the obvious meaning.

Definition 9. Let D be a domain, M(D) be the set of all non-empty multisets
over D, and ρ be a location operator over M(D), then ρ is a triple (α,⊙, β),
where

– α : D → D is a unary function,
– ⊙ is a commutative and associative binary operation over D, and
– β : D → D is a unary function.

Furthermore, the following condition must be satisfied for m ∈ M(D) and
m = {{b1, ..., bn}} such that

ρ(m) = β(α(b1) ⊙ · · · ⊙ α(bn)).

In our work, updates and update sets are defined as usual as in ASMs. To deal
with updates occurred in parallel computations, the notion of update multiset is
indispensable, which has been sufficiently justified in [6].

Definition 10. For a state s with the structure Y , let f be a n-arity dynamic
function name in its state signature, a1, ..., an and b be elements of Y , then an
update is a pair

(f(a1, ..., an), b),

where f(a1, ..., an) is a location, b is an update value, and the value of f(a1, ..., an)
in structure Y , denoted by fY (a1, ..., an), is the location content. An update set
is a set of updates, while an update multiset is an unordered collection of updates,
which allows duplicates.

Let L and P be sets of locations and location operators, respectively, then
there is a function mapping θ : L → P ∪ {⊥}, which associates a location
l ∈ L with a location operator ρ ∈ P , i.e. θ(l) = ρ, or leave locations undefined
as default, i.e. θ(l) = ⊥. Informally, it means that each location associates at
most one location operator. For the sake of convenience, the function θ is called
location function.

With location operators, each update multiset can be reduced to an update
set by means of applying location operators over multisets of update values with
respect to the corresponding locations. To be precise, we formalize the reduction
as follows.

Definition 11. Let m = {{(l1, t1), ..., (ln, tn)}} be an update multiset, then there
exists a reduced update set � such that

� = {(li, bi)|θ(li) = ρi, mi =
⊎

lk=li

{{tk}}, ρi(mi) = bi, ρi ∈ P and

i, k ∈ [1, n]} ∪ {(li, ti)|θ(li) = ⊥, and i ∈ [1, n]}



The question left is when an update multiset is reduced to an update set
during computations. To answer this question, we first need to clarify the pur-
pose of bringing in location operators. As illustrated in several scenarios of [6],
various kinds of information can be generated during parallel computations, and
furthermore, they may interact with each other in different manners. In practice,
especially in the context of complex value databases, it is common that a collec-
tion of pieces of structures are retrieved from the database, then reconstructed
as a whole to be an update value of a location. Let us have a look at the following
example.

Example 1. Consider the tree structures shown in Figure 1. Suppose that we
need to find out all names of people involved in the project titled ”ABC” of
tree1, and reconstruct them into tree2. The desired procedure of the computation
is as follows. The names of persons are first retrieved out as update values
corresponding to the same location. Then a location operator calculates over the
set of names of persons, and returns a single update value, in which all names
are grouped under a Person vertex. Finally, tree2 is obtained by applying an
update set consisting of that update and other updates deleting the original
Person vertices on tree1.

“ABC”

Project

“Bob” “Sarah” “Mike”01/09/1983 “Union st” “M@1.com”

Person Person PersonTitle

Address Name Name EmailDoBName

“ABC”

Project

“Bob” “Sarah” “Mike”

PersonTitle

Name NameName

Tree
 1

Tree
 2

Fig. 1.

The above example shows that with a set of updates, a further computation
over such updates might be in demand to construct the structures as required.
To handle this kind of computations arising in the context of complex value
databases in a general but simple manner, we propose the notion of location
operator based on a key observation that parallel computations in our consid-
eration are only caused by the evaluation of non-ground terms over a state,
and thus a uniform manipulation during parallel computations associated with
a non-ground term can always be formalized by a location operator over a set
of locations associated with such a non-ground term. Furthermore, the possible



finite nestings of parallel computations yield the principle that location opera-
tors should have their scopes during nestings, and a reduction from an update
multiset to an update set by applying location operators over update values is
executed at the time when a nesting of parallel computations is finished. In order
to obtain a better understanding, let us consider an example from [6].

Example 2. Consider the evaluation of a Boolean formula ∀x ∈ D1∃y ∈ D2ϕ(x, y).
Assume that the evaluation result will be stored at term t, and the cardi-

nalities of elements in D1 and D2 are n1 and n2, respectively, then there are
two nested parallel computations involved during the evaluation. At the inner
parallel computations, with respect to each specific value ui ∈ D1 (i ∈ [1, n1]) of
x, there are n2 parallel processes, each of which corresponds to term ϕ(ui, vj),
where vj ∈ D2 (j ∈ [1, n2]), and produces an update (t, true) or (t, false), and
θ(t) =

∨
. Thus the update multiset corresponding to the inner parallel com-

putation contains the number n2 of such updates, and then they are reduced
to one update after applying

∨
over all update values occurring in the multiset

since all of them have the same location. Afterwards, that update, which may
be (t, true) or (t, false) with location operator θ(t) =

∧
specified by outer par-

allel computations, enter into the update multiset corresponding to the outer
parallel computation which should have the number n1 of such updates. Finally,
that update multiset is reduced to be the update (t, true) or (t, false), which
eventually make effects on the state by assigning term t with a truth value.

Now we need to define the consistency of an update set. One thing needs
to be emphasized is about locations, in a general sense, which are defined over
complex value structures. To illustrate this, we provide the following example.

Example 3. Consider structured updates on trees in Figure 2 and Figure 3. Let
�1 and �2 be two update sets corresponding to Figure 2 and Figure 3 such that
�1 = {(a〈b〉, c)} and �2 = {(a〈e〉, d)}, where a〈b〉 and a〈e〉 indicate that vertex a
is the parent of vertices b and e, respectively (For simplicity, we skip the related
definition for these terms in this paper). By applying �1 on tree t, we can obtain
tree t1, and similarly, tree t2 is obtained by applying �2 on tree t. How about
the case that we apply an update set � = �1 ∪ �2 = {(a〈b〉, c), (a〈e〉, d)} on
tree t ? Although two locations in � are different, there still exists a clash in the
update set �.

The underlying reason for such a clash arising from the above example is
that atomicity of locations in the context of complex value structures cannot
be guaranteed in general. Indeed, with the popularity of the eXtensible Markup
Language (XML), structured tree updates have been considered as an interesting
research issue [8, 9]. To avoid possible clashes between locations, we introduce the
notion of separate update. Here the notation s⊕� denotes a new state generated
by applying an update set � on a state s.

Definition 12. Let (l1, t1) and (l2, t2) be two updates, and s be a state, then
(l1, t1) and (l2, t2) are separate w.r.t. state s iff s1 = s2 holds, where
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– s1 = (s⊕ {(l1, t1)}) ⊕ {(l2, t2)}, and
– s2 = (s⊕ {(l2, t2)}) ⊕ {(l1, t1)}.

It is easy to see that any two updates that have the identical location but
different update values are not separate. The following separate update postulate
describes the consistency of an update set in database transformations.

Definition 13. (separate update postulate). Let Π= (SΠ , τΠ) be a database
transformation, then for any update set � produced by τΠ over a state s,

– � is consistent iff all updates in � are pairwise separate w.r.t. state s.
– Otherwise, � is inconsistent.

A state s
′

= s⊕ � satisfying (s, s
′

) ∈ τΠ is obtained if � is consistent, or a
state s

′

= s satisfying (s, s
′

) ∈ τΠ is obtained if � is inconsistent.

An update set is trivial iff for each update in the update set, its location
content is the same with its update value.

Lemma 1. Let Π= (SΠ , τΠ) be a database transformation, then

– for two states s1, s2 ∈ SΠ satisfying (s1, s2) ∈ τn
Π , there exist up to two

non-trivial consistent update sets �1 and �2 such that s2 = (s1 ⊕�1)⊕�2,
and

– for two states s1, s2 ∈ SΠ satisfying (s1, s2) ∈ τΠ , there exists up to one
non-trivial consistent update set �1 such that s2 = s1 ⊕ �1.



Proof. (Sketch) For any two states s1, s2 ∈ SΠ satisfying (s1, s2) ∈ τn
Π , they have

the same base set, but probably different dispose, active and reserve domains.
Recall that the alteration of elements amongst domains must follow the unidi-
rectional flow as shown in Subsection 2.2. If Ddom(s2)∩Rdom(s1) 6= ∅, then two
non-trivial consistent sets of updates are needed such that s2 = (s1⊕�1)⊕�2. If
Ddom(s1)∩Rdom(s2) = ∅ and s1 6= s2, then there exists exactly one non-trivial
consistent update set such that s2 = s1⊕�1. If s1 = s2, no non-trivial consistent
update set exists.

If two states s1 and s2 satisfy (s1, s2) ∈ τΠ , then Ddom(s2)∩Rdom(s1) = ∅
must hold due to the separate update postulate. Hence, up to one non-trivial
consistent update set is needed to get s2 = s1 ⊕ �1.

2.6 Equivalent Structure Postulate

As specified in the abstract state postulate, databases transformations in our
discussion are generic in the sense that the focus of database transformations
is to capture structural properties of databases, instead of explaining atomic
value. For this reason, all terms mentioned here are not ground terms. In terms
of a database, some structures are indistinguishable with non-ground terms in
general. For clarity, we can have a look at the following example, in which tuples
(a, b, c) and (d, e, f) of the relation are indistinguishable.

A1 A2 A3

a b c
d e f
g k k

In fact, classes of indistinguishable structures can exist among structures un-
der any kind of data models. The common feature is that they can be arbitrarily
exchanged within a database without any side effects on structures since there is
no way to distinguish them. To facilitate the formalization, we use the notations
el(Y ) to denote all elements occurring in structure Y and fY to denote the in-
terpretation of function name f in structure Y . Let Y1 and Y2 be two structures,
then Y1 is said to be a substructure of Y2, denoted by Y1 � Y2, iff the following
conditions are satisfied.

– el(Y1) ⊆ el(Y2), and
– for every n-arity function name f , fY1 = fY2 |el(Y1)n , where fY2 |el(Y1)n means

the restriction of fY2 on domain el(Y1)
n.

Suppose that Y is the structure of a state s, then any two substructures
Y1, Y2 � Y are equivalent (denoted by Y1 ≡ Y2) iff exchanging them gives rise
to an automorphism of Y .

Definition 14. (equivalent structure postulate). Let Π= (SΠ , τΠ) be a
database transformation, then for any state si ∈ SΠ whose structure contains



a set {E1, ..., En} of equivalence classes of substructures, the structure Yi+1 of
state si+1 such that (si, si+1) ∈ τΠ must satisfy the following condition for each
equivalence class Ej (j ∈ [1, n]).

– For any Y ∈ Ej satisfying Y � Yi+1, it implies that for every permutation σ

of Ej, σ(Y ) � σ
′

(Yi+1), where σ
′

(Yi+1) is the structure of state s
′

i+1 satis-

fying (si, s
′

i+1) ∈ τΠ , and σ
′

is a unique isomorphism of Yi+1 into σ
′

(Yi+1)
that extends σ.

Note that, in contrast to classes of indistinguishable object discussed in [2],
which is defined over two objects that can not be distinguished by any relational
machine with k variables, our definition of equivalence relation is more strict,
as it requires that two structures can not be distinguished no matter how many
variables are involved because they have identical structural properties. The key
idea of the equivalent structure postulate is to guarantee a fair treatment for
every member of an equivalence class during one-step transformations.

The following two lemmata are obtained on the basis of the equivalent struc-
ture postulate, and they will be helpful for the proof of our main result.

Lemma 2. For a database transformation Π= (SΠ , τΠ), if a structure Y in an
equivalence class E of a state si ∈ SΠ is a substructure of the structure of every
state si+1 satisfying (si, si+1) ∈ τΠ , then the structure of every state si+1 must
have all structures in E as substructures.

Proof. We assume that there are k1 states in {si+1|(si, si+1) ∈ τΠ}, and for clar-
ity, they are denoted as si+1,1, ..., si+1,k1

, respectively. Besides, we also assume
that there are k2 elements in E, and they can be expressed by different permu-
tations σ1, ..., σk2

of E on Y such that σ1(Y ) = Y and σn(Y ) 6= Y (n ∈ [2, k2]).
Since Y is a substructure of structures of all states si+1,j (j ∈ [1, k1]), by us-
ing the equivalent structure postulate, any other structure σn(Y ) must be a
substructure of structures of some states si+1,j . To get the contradiction, we
assume that there exists a state si+1,a, which has Y but no σn(Y ). According
to the equivalent structure postulate again, there must exist another state si+1,b

being isomorphic to state si+1,a, and si+1,b has σn(Y ) but no Y . This contradicts
the fact that Y is a substructure of structures of all states si+1,j .

Lemma 3. For a database transformation Π= (SΠ , τΠ), if a structure Y in an
equivalence class E of a state si ∈ SΠ is a substructure of the structure of some
state si+1 satisfying (si, si+1) ∈ τΠ , then the structure of that state si+1 either
has all structures in E as substructures, or associates a set of structures of states
s
′

i+1 satisfying (si, s
′

i+1) ∈ τΠ , which is closed under the permutation of E.

Proof. It is easy to prove that, the cases that the structure of state si+1 have all
structures in E, and that the structure of state si+1 associates a set of structures
of states s

′

i+1 satisfying (si, s
′

i+1) ∈ τΠ , which is closed under the permutation
of E, satisfy the equivalent structure postulate. The rest of proof is to show that
only these two cases can exist in state si+1. We assume that there are k2 ele-
ments in E, and k1 states in {si+1|(si, si+1) ∈ τΠ} denoted as si+1,1, ..., si+1,k1

,



respectively. Let a, b1, ..., bn ∈ [1, k1]. To derive the contradiction, we further
assume that state si has Y1, ..., Yn (n < k2) as its substructures and there does
not exist a state si+1,a, which has σ(Y1), ..., σ(Yn) as its substructures, where σ
denotes a permutation of E. In accordance with the equivalent structure postu-
late, since si has Y1, there must exist a state si+1,b1 which has σ(Y1), Y2..., Yn

as its substructures. By inductively following the same argument, we know that
there must exist a state si+1,b2 having σ(Y1), σ(Y2), Y3, ..., Yn as its substruc-
tures,..., and a state si+1,bn

having σ(Y1), σ(Y2), ..., σ(Yn) as its substructures.
Apparently, si+1,bn

contradicts si+1,a in our assumption.

3 Abstract Database Transformation Machines

We define a notion of Abstract Database Transformation Machine (ADTM) in
this section, by presenting the terms and rules of ADTMs.

Definition 15. An Abstract Database Transformation Machine (ADTM) Λ is
a pair (SΛ, τΛ), where

– SΛ is a set of states with finite structures of a fixed signature H, and
– τΛ is an abstract database transformation program.

Each state s ∈ SΛ has two spaces: computation space and database space. In
addition, signature H has two disjoint sets of function names in computation
and database spaces, denoted by FC and FD, correspondingly. For an ADTM Λ,
its terms consist of computation terms and database terms, which are separately
defined over signature H .

Let D be the domain of computation space, XC ⊆ FC be a set of nullary
function names (i.e., variables) and FC ⊆ FC be a set of non-nullary function
names, then a set TC of computation terms is defined by

– D ⊆ TC ,
– XC ⊆ TC , and
– f(t1, ...tn) ∈ TC , where f ∈ FC and ti ∈ TC (i ∈ [1, n]).

Let XD ⊆ FD be a set of nullary function names and FD ⊆ FD be a set of
non-nullary function names, then a set TD of database terms is defined by

– XD ⊆ TD, and
– f(t1, ...tn) ∈ TD, where f ∈ FD and ti ∈ TD (i ∈ [1, n]).

For convenience, we use the notations ∆Y (r) and ∆̈Y (r) refer to an update
set and an update multiset produced by executing the rule r ∈ R on the structure
Y , respectively, and the notation valY (t) to denote the evaluation of a term t
over structure Y .

Given a state, the computation and database terms are evaluated over its
computation and database space, respectively. More precisely, the evaluation
valY (t) of a term t ∈ TC produces a substructure of Y in computation space,
whereas the evaluation valY (t) of a term t ∈ TD results in a set of substructures
of Y in database space. A term t is a Boolean term iff valY (t) ⊆ {true, false}.



Definition 16. Let T = TC ∪ TD and X = XC ∪ XD, then for an Abstract
Database Transformation Machine Λ= (SΛ, τΛ) with a signature H, τΛ is induc-
tively defined by a set R of rules.

– update rule:

f(t1, ...tn) := t0,

where f(t1, ...tn) and t0 are terms in T . An update rule executed at a struc-
ture Y with signature H produces an update (f(a1, ...an), b), where ai ∈
valY (ti) (i ∈ [1, n]) and b ∈ valY (t0). Therefore, ∆Y (f(t1, ...tn) := t0) =
{(f(a1, ...an), b)}.

– conditional rule:

if t then r,

where t ∈ T is a Boolean term, and r ∈ R is a rule. A conditional rule exe-
cuted at a structure Y with signature H produces an update set ∆Y (if t then r) =
∆Y (r) iff valY (t) = {true}. Otherwise, ∆Y (if t then r) = ∅.

– forall rule:

forall x with ϕ(x) do r,

where x ∈ X is a variable, ϕ(x) ∈ T is a Boolean term containing x, and r ∈
R is a rule. A forall rule executed at a structure Y with signature H first pro-
duces an update multiset ∆̈Y (forall x with ϕ(x) do r) =

⊎

i∈[1,n]

∆̈Y ([ai/x]r),

where {x|valY (ϕ(x)) = {true}} = {a1, ..., an}, and [ai/x]r means that vari-
able x is bounded to value ai within the rule r. Then an update set ∆Y (forall x
with ϕ(x) do r) is obtained by applying location operators on update values
that have the same locations in the multiset ∆̈Y (forall x with ϕ(x) do r) as
defined in Definition 11.

– choose rule:

choose x with ϕ(x) do r,

where x ∈ X is a variable, ϕ(x) ∈ T is a Boolean term containing x, and
r ∈ R is a rule. A choose rule executed at a structure Y with signature H
produces an update set ∆Y (choose x with ϕ(x) do r) = ∆Y ([a/x]r), where
a ∈ {x|valY (ϕ(x)) = {true}}, and [a/x]r means that variable x is bounded
to value a within the rule r.

– parallel rule:

par r1 r2 par,

where r1, r2 ∈ R are rules. A parallel rule executed at a structure Y with
signature H produces an update set ∆Y (par r1 r2 par) = ∆Y (r1) ∪∆Y (r2).

– sequence rule:



seq r1 r2 seq ,

where r1, r2 ∈ R are rules. A sequence rule executed at a structure Y with
signature H produces an update set ∆Y (seq r1 r2 seq) = ∆Y (r1) ⊘∆Y (r2),
where ∆Y (r1)⊘∆Y (r2) means an update set equivalent to the result by first
applying ∆Y (r1) on the structure Y , and then applying ∆Y (r2) on the re-
sulting structure.

– let rule:

let θ(t) = ρ in r,

where θ is a location function, t ∈ T is a term. ρ ∈ P is a location operator
and r ∈ R is a rule. A let rule executed at a structure Y with signature
H produces an update set ∆Y (let θ(t) = ρ in r) = ∆Y ([ρ/θ(l)]r), where l ∈
{x|x ∈ valY (t)}, and [ρ/θ(l)]r means that the location operator associated
with l is bounded to ρ within the rule r.

Compared with the rules of ASMs, the rules of ADTMs are defined as usual,
except for the let rule. In fact, the let rule is modified to provide an enhanced
functionality assigning location operators to locations. Let us have a look at the
following example, which is similar to the one provided in [6].

Example 4. Consider the task to count the number of tuples within a unary
relation title. The following rule r can be written down to get the desired result.

forall x with title(x) do
let θ(t) = Σ in

t := 1

Σ represents the aggregation function sum, and is assigned to be the location
operator of the location t. The rule r is executed by two steps. First of all, an
update multiset △̈(r) = {{(t, 1), . . . , (t, 1)}} is generated. Secondly, all update
values of t (i.e., that is always 1 in this case.) are summed up by applying the
location operatorΣ of t. Hence, the number of tuples in relation title is obtained,
which is the same with the cardinality of (t, 1) occurring in △̈(r).

In addition, we do not introduce the import rule as the import rule can be
easily simulated by using the choose rule and a specific unary function new.

Theorem 2. Every Abstract Database Transformation Machine represents a
database transformation.

Proof. (Sketch) To prove the above Theorem, we need to check whether an Ab-
stract Database Transformation Machine satisfies all the postulates of a database
transformation defined in Section 2. Since there is no any iteration involved in
the set R of rules, and furthermore the set T of terms reflects higher-order
structures associated with a fixed and finite signature, it is easy to see that
an ADTM satisfies the finite sequence and abstract state postulates. The data
abstract postulate can also be satisfied as its purpose is to provide necessary



information related to the data abstraction of states. Besides, the finite length
of an abstract database transformation program and the evaluation of terms
on finite structures determine that an ADTM satisfies the exploration bound-
ary postulate. The separate update postulate is satisfied by specifying location
operators and reductions from update multisets to update sets, and then check-
ing locations in update sets of ADTMs. The equivalent structure postulate is
guaranteed by the separation of computation terms and database terms, where
database terms are evaluated over abstract database spaces in ADTMs.

4 Characterization Theorem

In this section, we prove the main result of this paper that Abstract Database
Transformation Machines can behaviourally simulate any database transforma-
tion over complex value structures, which is the converse of the previous theorem.
This result will follow from a series of lemmata.

Lemma 4. Given a database transformation Π= (SΠ , τΠ), for each state s
with the structure Y satisfying s ∈ SΠ and s 6∈ FΠ , there exists a rule r ∈ R of
ADTMs such that

{s
′

|(s, s
′

) ∈ τΠ} = {s
′′

|s
′′

= s⊕∆Y (r)}.

Proof. (Sketch)
By following the exploration boundary postulate, we assume that the cardi-

nality of set {s
′

|(s, s
′

) ∈ τΠ} is k. In accordance with Lemma 1, for all states in
{s

′

|(s, s
′

) ∈ τΠ} we can use �1, ...,�k to denote their update sets with respect to
state s, respectively. The construction of r consists of two parts, which capture
the common updates among �1, ...,�k, and the rest of them, correspondingly.

First of all, according to the equivalent structure postulate and Lemma 2,
for all locations L1 occurring in updates of

⋂

u∈[1,k]

�u, we can always find a set

{E1, ..., Ea} of equivalence classes satisfying L1 = E1 ∪ ... ∪Ea. Then, based on
these equivalence classes and locations, updates in

⋂

u∈[1,k]

�u can be partitioned

into groups. Each group corresponds to an equivalent class and can be captured
by an update rule. Moreover, all update rules for the groups can be executed in
parallel following from the separate update postulate. That is,

par
forall x10, ..., x1i with ϕ(x10, ...x1i) do

let θ(f1(x11, ...x1i)) = ρ1 in
f1(x11, ...x1i) := x10

forall x20, ..., x2j with ϕ(x20, ...x2j) do
let θ(f2(x21, ...x2j)) = ρ2 in
f2(x21, ...x2j) := x20

...



par

To be precise, let us use r1 to refer to the above rule, then △Y (r1) =⋂

u∈[1,k]

�u.

Secondly, we consider the rest of updates in �1, ...,�k, which can be ex-
pressed as �1 −

⋂

u∈[1,k]

�u, ...,�k −
⋂

u∈[1,k]

�u, respectively. Similarly, according

to the equivalent structure postulate and Lemma 3, for all locations L2 occur-
ring in updates of

⋃

u∈[1,k]

�u −
⋂

u∈[1,k]

�u, we can always find a set {E
′

1, ..., E
′

b} of

equivalence classes satisfying L2 = E
′

1 ∪ ... ∪E
′

b. Furthermore, following Lemma
3, it is straightforward to conclude that with respect to an equivalent class
E

′

i (i ∈ [1, b]) there are three possible situations occurred in an update set
�j −

⋂

u∈[1,k]

�u (j ∈ [1, k]). I.e.,

– all of structures of E
′

i are its locations, or

– none of structures of E
′

i is its location, or

– some of structures of E
′

i are its locations, and it associates a set of update

sets �j −
⋂

u∈[1,k]

�u, which is closed under a permutation of E
′

i .

Therefore, the rest of updates in �1, ...,�k corresponds to the following
choose rules executed in parallel, in which each outermost choose rule deals
with an equivalent class in a general manner.

par
choose x1 with ψ11(x1) ∨ ψ12(x1) ∨ ψ13(x1) do

if ψ11(x1) then
choose y

′

1, y11, ..., y1p with ϕ(y
′

1, y11, ..., y1p) do

f
′

1(y11, ..., y1p) := y
′

1

choose y
′′

1 , y11, ..., y1p with ϕ(y
′′

1 , y11, ..., y1p) do

f
′

1(y11, ..., y1p) := y
′′

1

......
if ψ12(x1) then

forall y10, ..., y1p with ϕ(y10, ..., y1p) do

let θ(f
′

1(y11, ...y1p)) = ρ
′

1 in

f
′

1(y11, ..., y1p) := y10

choose x2 with ψ21(x2) ∨ ψ22(x2) ∨ ψ23(x2) do
if ψ21(x2) then

choose y
′

2, y21, ..., y2q with ϕ(y
′

2, y21, ..., y2q) do

f
′

2(y21, ..., y2q) := y
′

2

choose y
′′

2 , y21, ..., y2q with ϕ(y
′′

2 , y21, ..., y2q) do

f
′

2(y21, ..., y2q) := y
′′

2

......
if ψ22(x2) then



forall y20, ..., y2q with ϕ(y20, ..., y2q) do

let θ(f
′

2(y21, ...y2q)) = ρ
′

2 in

f
′

2(y21, ..., y2q) := y20
...
par

Again, let us use r2 to refer to the above rule, then {△Y (r2)} = {�i −⋂

u∈[1,k]

�u|i ∈ [1, k]}. Note that, indeed, only consistent update sets generated

by r2 are of our interest since all inconsistent update sets have the same effects
on state s as empty sets. Therefore, a general form of the desirable rule r is to
combine the above two parts into the following.

par
forall x10, ..., x1i with ϕ(x10, ...x1i) do

let θ(f1(x11, ...x1i)) = ρ1 in
f1(x11, ...x1i) := x10

forall x20, ..., x2j with ϕ(x20, ...x2j) do
let θ(f2(x21, ...x2j)) = ρ2 in
f2(x21, ...x2j) := x20

...
choose x1 with ψ11(x1) ∨ ψ12(x1) ∨ ψ13(x1) do

if ψ11(x1) then
choose y

′

1, y11, ..., y1p with ϕ(y
′

1, y11, ..., y1p) do

f
′

1(y11, ..., y1p) := y
′

1

choose y
′′

1 , y11, ..., y1p with ϕ(y
′′

1 , y11, ..., y1p) do

f
′

1(y11, ..., y1p) := y
′′

1

......
if ψ12(x1) then

forall y10, ..., y1p with ϕ(y10, ..., y1p) do

let θ(f
′

1(y11, ...y1p)) = ρ
′

1 in

f
′

1(y11, ..., y1p) := y10

choose x2 with ψ21(x2) ∨ ψ22(x2) ∨ ψ23(x2) do
if ψ21(x2) then

choose y
′

2, y21, ..., y2q with ϕ(y
′

2, y21, ..., y2q) do

f
′

2(y21, ..., y2q) := y
′

2

choose y
′′

2 , y21, ..., y2q with ϕ(y
′′

2 , y21, ..., y2q) do

f
′

2(y21, ..., y2q) := y
′′

2

......
if ψ22(x2) then

forall y20, ..., y2q with ϕ(y20, ..., y2q) do

let θ(f
′

2(y21, ...y2q)) = ρ
′

2 in

f
′

2(y21, ..., y2q) := y20
...
par



Lemma 5. Let Π =(SΠ , τΠ) be a database transformation, for all states sn

with structures Y satisfying (s0, sn) ∈ τn
Π , sn ∈ SΠ and sn /∈ FΠ , there exists

the same rule r ∈ R of ADTMs such that

{sn+1|(sn, sn+1) ∈ τΠ} = {s
′

n+1|s
′

n+1 = sn ⊕∆Y (r)}.

Proof. By applying the equivalent structure postulate, we can assume that the
cardinality of set {sn|(s0, sn) ∈ τn

Π} is d, and all states in {sn|(s0, sn) ∈ τn
Π} are

thus expressed as sn,1, ..., sn,d, respectively. Since all states in {sn|(s0, sn) ∈ τn
Π}

must be distinct from each other, and also the signature is fixed according to
the abstract state postulate, there exists a set of Boolean terms {t1, ..., td}, in
which a term ti (i ∈ [1, d]) can only be evaluated to be true at the structure of
state sn,i. Note that the terms can be constructed over complex value structures
satisfying the data abstraction postulate. Therefore, based on a set of rules
{r1, . . . , rd} obtained from Lemma 4, in which a rule ri (i ∈ [1, d]) satisfies
{sn+1|(sn,i, sn+1) ∈ τΠ} = {s

′

n+1|s
′

n+1 = sn,i ⊕∆Y (ri)}, we can construct the
desirable rule r as follows:

par

if t1 then r1
...

if td then rd
par

Lemma 6. Let Π =(SΠ , τΠ) be a database transformation, n be the arity of the
run relation of Π, and Y be the structure of the initial state s0, then there exists
a rule r ∈ R of ADTMs satisfying {sk|(s0, sk) ∈ τk

Π} = {s
′

k|s
′

k = s0 ⊕∆Y (r)},
for any k ∈ [1, n].

Proof. The proof is quite straightforward. There are two steps. Firstly, by ap-
plying Lemma 5, a set {r1, .., rn} of rules can be constructed, in which each ri

(i ∈ [1, n]) satisfies {si|(si−1, si) ∈ τΠ} = {s
′

i|s
′

i = si−1 ⊕∆Y
′

(ri)} for all states

si−1 of (s0, si−1) ∈ τ i−1
Π , where Y

′

denotes the structures corresponding to states
si−1. Secondly, the rule r can be simulated by using the sequence rule. That is

seq r1 . . . rn seq.

Theorem 3. For every database transformation Π =(SΠ , τΠ), there exists a be-
haviourally equivalent Abstract Database Transformation Machine Λ = (SΛ, τΛ).

Proof. On the basis of Lemmata 4, 5 and 6, it can be conclude that

– sΛ
0 = sΠ

0 ,

– FΛ = FΠ ,

– SΛ = SΠ , and

– τΛ = τΠ ,



where sΠ
0 ∈ SΠ , s

Λ
0 ∈ SΛ are initial states of Π and Λ, respectively, and

FΠ ⊆ SΠ , FΛ ⊆ SΛ are sets of final states of Π and Λ, respectively.
Finally, according to Definition 5, it can be concluded that every database

transformation Π =(SΠ , τΠ) can be behaviourally simulated by an Abstract
Database Transformation Machine Λ = (SΛ, τΛ) because of sΛ

0 = sΠ
0 , FΛ = FΠ ,

SΛ = SΠ , and τΛ = τΠ .

Remark 1. In the preceding proof of Theorem 3, the sequence rule is used in
Lemma 6 to simulate the sequences of states associated with runs. However, it
is also possible to prove Theorem 3 without using the sequence rule. Limited to
the space, we skip an alternative approach in this paper.

5 Conclusions

In this paper, we first have examined the postulates stipulated on database
transformations over complex value structures. Following this, the notion of Ab-
stract Database Transformation Machine has been proposed, and furthermore
we showed that ADTMs can simulate any database transformation over complex
value structures satisfying the postulates. The main contributions of this paper
are the following.

– We proposed a computation model, which generalizes not only queries but
also updates of database transformations into a unified framework.

– The computation model provides a strong capability to manipulate complex
value structures by taking into consideration higher-order structures.

– The parallel computations involved in database transformations are handled
by using a simple and elegant approach, in which location operators are
associated with locations.

In addition, we notice that a class of database transformations that may lead
to an infinite sequence of states within a run has failed to be captured by the
proposed computation model. For instance, a run can be an infinite sequence
ending with non-terminating regular alternation amongst several states. In an-
other case, a run might have states of infinite structures, which can be formalized
with finite descriptions. The extension in these directions will be addressed in
our future work.
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